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Summary
Most tubes have seams (intercellular or autocellular junc-
tions that seal membranes together into a tube), but ‘‘seam-
less’’ tubes also exist [1–3]. In Drosophila, stellate-shaped
tracheal terminal cells make seamless tubes, with single
branches running through each of dozens of cellular exten-
sions. We find that mutations in braided impair terminal cell
branching and cause formation of seamless tube cysts. We
show that braided encodes Syntaxin7 and that cysts also
form in cells deficient for other genes required either for
membrane scission (shibire) or for early endosome forma-
tion (Rab5, Vps45, and Rabenosyn-5). These data define a
requirement for early endocytosis in shaping seamless
tube lumens. Importantly, apical proteins Crumbs and phos-
pho-Moesin accumulate to aberrantly high levels in braided
terminal cells. Overexpression of either Crumbs or phospho-
mimetic Moesin induced lumenal cysts and decreased termi-
nal branching. Conversely, the braided seamless tube cyst
phenotype was suppressed by mutations in crumbs orMoe-
sin. Indeed, mutations in Moesin dominantly suppressed
seamless tube cyst formation and restored terminal branch-
ing. We propose that early endocytosis maintains normal
steady-state levels of Crumbs, which recruits apical phos-
phorylated (active) Moe, which in turn regulates seamless
tube shape through modulation of cortical actin filaments.
Results
Terminal Cells Mutant for braided Have Lumenal Cysts and
Fewer Branches
Detailed characterization of braided mutant terminal cells re-
vealed thepresenceof small cysts in the seamless tube.Homo-
zygous mutant terminal cells (positively labeled with DsRed or
GFP)weregeneratedbymitotic recombination inheterozygous
animals, and their tubes were examined directly using bright-
field microscopy to visualize gas-filled lumina or indirectly us-
ing fluorescence microscopy to reveal lumina as regions of
fluorescent protein exclusion (Figures 1A–1F). On occasion,
partially gas-filled (Figure 1F0) cystic dilations were visible, but
most often, the fluorescent protein-excluding regions were
not gas filled (Figures 1D0, 1E0, and 1F0). To addressmore care-
fully whether the regions of exclusion were contiguouswith the
seamless tube lumen, we carried out two additional experi-
ments. First, we examined the localization of secreted GFP in
the mutant cells. In living and heat-killed wild-type larvae,
secreted GFP (lum-GFP [4]) was detected in a few bright
puncta, and itwasdetectedasa faintly visiblehazesurrounding*Correspondence: ghabrial@mail.med.upenn.eduthe tube lumen (Figures 1A0 0, 1B0 0, and 1C0 0).Wehavepreviously
shown that in animalswithgas-fillingdefects, secretedGFPfills
the tube lumen [4]; however, in braided terminal cell clones,
lum-GFP brightly outlined gas-filled tubes and seemed to fill
the cysts (Figures 1D0 0, 1E0 0, and 1F0 0). These data suggest
that the cysts may contain fluid and matrix materials instead
of gas. To strengthen the conclusion that the regionsof fluores-
cent protein exclusion are cystic dilations of the seamless tube,
we filleted third instar larvae and costained them with lumenal
membrane markers. Staining with aWkdpep sera (Figures
1G–1L), which we previously showed recognizes an unknown
lumenal membrane-associated antigen [5] and other apical
membrane markers, such as actin and Whacked::mKate2
(an apical-localized Rab35GAP-mKate2 fusion [5]) (Figures
S1A–S1D0 0 available online), clearly outlined the lum-GFP-filled
bulges (Figures 1L and S1D), consistent with the hypothesis
that these are cystic dilations of the seamless tube.
Indeed, we observed apical membrane that surrounded an
uninterrupted lumen and was continuous between liquid-filled
bulges and gas-filled tubes. In addition, lumenal membrane
staining revealed that the tips of the seamless tubes were
aberrant in braided mutant terminal cells: in contrast to wild-
type seamless tubes that come to smoothly rounded blind
ends, approximately 70% of braided seamless tube termini
were cystic and grossly irregular in shape (Figures 1H–1H0 0and
1K–1K0 0). The cysts could be detected as early as second larval
instar and were specific to terminal cell seamless tubes
because no other tracheal cells displayed tube defects when
compromised for braided (Figures S1E–S1F0). As previously
noted, braided terminal cells had fewer cellular extensions
than wild-type (Figures 1M and 1N) [4]; a large proportion of
these brancheswere short as compared towild-type, although
long brancheswere also present (Figures 1M and 1N, compare
peaks; Figure S1J). This mosaic analysis demonstrated a cell-
autonomous role for braided in tracheal terminal cell branch-
ing and seamless tube morphogenesis.
The Early Endosome SNARE, Syntaxin7, Is Encoded
by braided
To determine the function of braided, we identified the
affected gene. Prior to this study, there was a single extant
allele of braided (braided1615) [4]; therefore, we isolated an
additional allele, braidedQ6 (Supplemental Experimental Pro-
cedures), for use in mapping the locus and characterizing
the phenotype. The tracheal phenotype of the two alleles
was indistinguishable (Figures S1G–S1I). We determined that
braided encodes Syntaxin7 (Syx7), previously identified in
Drosophila as avalanche (avl) [6]. Alleles of braided do not
complement avl, and sequence analysis revealed single nucle-
otide changes in the Syx7 coding sequence of braided1615 and
braidedQ6, each resulting in a nonsense mutation (Figure 1O).
Terminal cells expressing Syx7 RNAi transgenes (Figures S1L–
S1L0 0) and terminal cells homozygous for avl3 displayed
the braided phenotype (Figures S1M–S1M0 0); hereafter, we
refer to braided and avl alleles as Syx7brd and Syx7avl. The
Syx7brdQ6, Syx7brd1615, and Syx7avl3 alleles are presumed null
because they truncate Syx7 more severely than the previously
characterized null allele, Syx7avl1 [6], although it is possible
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function or with Syx7 binding partners.
Syx7 is a SNARE protein that promotes fusion of endo-
cytic vesicles to early endosomes [6]. Subsequent to vesicle
scission, the Vps45-Rabenosyn-5 (Rbsn-5) complex physi-
cally links Syx7 to the early endosome regulator, Rab5 [7], to
promote early endosomematuration (Figure 2A). As expected,
Syx7 was required for proper early endosome formation in ter-
minal cells. Large YFP::Rab5 puncta present in control
terminal cells were largely absent from Syx7brd terminal cells,
in which Rab5 puncta appeared markedly smaller, more
numerous, and dispersed (Figures 2B–2C0).
Defective Endocytosis Causes Cyst Formation and
Reduced Branching in Terminal Cells
To test whether seamless tube defects in Syx7 cells result from
interfering with endocytosis or whether they result from an
unappreciated role of Syx7 in another process, we analyzed
terminal cells homozygous for Vps45, Rabenosyn-5 (Rbsn-5),
Rab5, or shibire (shi)/Dynamin. Vps45, Rbsn-5, and Rab5
mutant cells displayed seamless tube cysts and disorganized
tube termini; they also showed reduced terminal branching
(Figures 2D–2G, 2I–2L0, and 2N). We note that Vps45 and
Rbsn-5 defects were milder than defects we observed with
mutations in the other genes and that branching of Vps45 cells
was not significantly altered (Figure 2, figure legend). In
contrast, shi null clones exhibited more-severe phenotypes;
mutant cells were largely unbranched and contained clumps
of grossly disorganized apical membrane (Figures 2H, 2N,
and S2A–S2A0 0). Similarly severe defects were detected in
some Rab5 terminal cells, which also showed failure in gas
filling, increased tube diameter, and extreme disorganization
of the apical membrane (Figures S2B–S2D0 and data not
shown). Variability among these terminal cell phenotypes likely
reflects differential contribution of maternally deposited gene
product. To determine whether cystic tube defects could be
induced by blocking membrane internalization, we examined
cells less severely compromised for shi; partial knockdown
of shi by RNAi produced terminal cell defects comparable to
those seen for Syx7 (Figures 2M and 2M0). Because mutations
compromising function of the Syx7-Vps45-Rbsn-5-Rab5 com-
plex and Shi activity result in lumenal cysts, we conclude that
early endocytic events are required for normal seamless tube
morphology.
Elevated Crumbs andMoesin in Syx7 Terminal Cells Cause
Seamless Tube Cysts
One explanation for the lumenal morphology defects of Syxbrd
would be that altered membrane transport might lead to an
accumulation of excess apical membrane, resulting in cysts.
Alternatively, altered steady-state levels of specific apical pro-
teins might be responsible for the observed defects. Consis-
tent with the second model, previous work suggested that a
block in early endocytosis causes an accumulation of the
polarity protein Crumbs (Crb) on apical membrane [6]. In addi-
tion, Crb overexpression is sufficient to produce polarity and
overgrowth defects associated with depletion of Syx7 and
Rab5 in wing epithelia [6]. We showed previously that Crb
localizes to distinct domains along the lumenal membrane of
terminal cells [5]; therefore, we tested whether Crb accumu-
lated ectopically in these cells when early endocytic events
were compromised. Terminal cells mutant for Syx7brd ex-
hibited dramatically higher Crb levels compared to neigh-
boring heterozygous cells (Figures 3A–3D0). Additionally,Crb-interacting protein dPatj colocalized with Crb at the
lumenal membrane of seamless terminal tubes and also
showed ectopic apical localization in Syx7brd clones (Figures
S3A–S3G0 0 0). Interestingly, Crb levels were not strongly altered
in Syx7brd clones in other tracheal cell subtypes (data not
shown). The actin-bundling protein Moesin (Moe) also physi-
cally interacts with Crb [8], and, in wild-type terminal
cells, phosphorylated (active) Moe (p-Moe) shows a discrete
localization to the lumenal membrane [9, 10] (Figures S3H–
S3H0 0). InSyx7brd cells (Figures 3E–3G0) andRab5 cells (Figures
S3K and S3K0), we found that p-Moe at the apical membrane
was dramatically increased (patches of p-Moe were some-
times seen at the basal membrane; Figure 3G, arrowhead).
To test whether the change in p-Moe reflected increased
steady-state levels of Moe, we compared total Moe staining
in mutant terminal cells with total Moe staining in neighboring
heterozygous terminal cells of the same mosaic animals. We
found that total Moe levels were unchanged at the level of res-
olution provided by antibody staining; however, more-intense
patches of Moe staining were detected near the apical mem-
brane of mutant cells (Figures S3I–S3J0 0, S3L, and S3L0).
Because Crb, dPatj, and p-Moe showed elevated levels in
Syx7 terminal cells, we tested whether increased levels of
these proteins were sufficient to induce cysts in cells in which
endocytosis had not been perturbed. Strikingly, MARCM
clones overexpressing full-length Crb in terminal cells ex-
hibited cysts (and decreased branch number) similar to those
in Syx7 (Figures 3I and 3I0; data not shown). Terminal cells
expressing a phosphomimetic isoform of Moe (MoeT559D),
but not wild-type Moe::myc or Moe::GFP, also exhibited
Syx7-like dilations of the lumenal membrane and reduced
branch number (Figures 3J and 3J0; data not shown). In
contrast, overexpression of dPatj did not affect terminal cell
tubes or branching (data not shown), suggesting that the phe-
notypes exhibited in Syx7 mutants are likely due to increased
activity of Moe, potentially through the ability of Crb to recruit
p-Moe to the apical membrane.
Mutations in crumbs and Moe Suppress Syx7 Terminal
Cell Defects
To determine whether ectopic Crb or Moe were necessary for
seamless tube cyst formation in Syx7 terminal cells, we sought
to suppress the Syx7 defects by reduction of Crb or Moe.
Indeed, elongation of multicellular tracheal tubes caused by
mutations in yurt or coracle can be suppressed by heterozy-
gosity for crb [11]. Although no suppression of the Syx7 defect
was observed in animals heterozygous for crb, we found that
terminal cells that were homozygous mutant for both crb and
Syx7 were almost completely rescued for cysts, although,
interestingly, defects in branch number were enhanced as
compared to Syx7brd alone (Figures 4A–4C, 4E, and 4F). Termi-
nal cells mutant for crb alone appeared wild-type for branch
number and lumen morphology (Figures S4A–S4B0). This is
perhaps surprising, given the essential role of Crb in establish-
ing polarity in most embryonic epithelia, including the trachea;
however, it is has been established that Crb is not required for
maintenance of polarity in several tissues in which it is ex-
pressed [12]. Strikingly, heterozygosity for a mutant allele of
Moe dramatically rescued Syx7brd terminal cells: the number
of cysts was reduced, and terminal branching was greatly
restored (Figures 4D–4F). Importantly, heterozygosity for
Moe did not appear to bypass the requirement for Syx7 in early
endocytosis because Rab5 distribution remained disrupted
(Figures 4G–4I0, YFP::Rab5).
Figure 1. Terminal Cells Mutant for braided Have Branching and Lumen Defects
(A–F0 0) Homozygous terminal cells (DsRed in white) from heat-killed mosaic third instar larvae (wild-type: A–C; braided1615: D–F). The braided cells are less
branched (D–D0 0) and exclude DsRed (D, E, and F) from regions adjacent to gas-filled tube (D0, E0, and F0) in contrast to wild-type (A–C). Bright-field images
show gas-filled lumens of wild-type (A0, B0, andC0) and braided (D0, E0, and F0) terminal cells. Secreted lum-GFP, barely detected inwild-type (A0 0, B0 0, andC0 0),
outlines braided seamless tubes and adjacent DsRed-excluding structures (D0 0, E0 0, and F0 0). Boxes in (A)–(A0 0) and (D)–(D0 0) are magnified in (B)–(C0 0) and
(E)–(F0 0). Arrowheads (E–F0 0) indicate DsRed-excluding structures; arrow (F–F0 0) indicates rare gas filling.
(G–L0 0) Staining (cytoplasm in white; lum-GFP in green; apical/aWkdpep inmagenta) shows that DsRed-excluding bodies are bounded by apical membrane.
Lum-GFP in lumendoes not survive fixation (J.S.-R., unpublished data). Boxed regions (G and J) aremagnified in (H)–(L0 0). Tubes tips are disorganized (K–K0 0)
compared to wild-type (H–H0 0), and apical membrane expansions are detected (I–I0 0 versus L–L0 0). Images in (B)–(C0 0), (E)–(F0 0), and (H)–(L0 0) are oriented prox-
imal down, distal up.
(legend continued on next page)
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Figure 2. Terminal Cells Mutant for Early Endosome Genes Show Syx7-like Defects
(A–C0) Shibire/Dynamin (Shi) is required for vesicle scission at the plasma membrane, whereas Syx7, Vps45, Rbsn-5, and Rab5 promote fusion of endocytic
vesicles to early endosomes (A). Rbsn-5, a Rab5 effector, recruits Vps45, which in turn promotes Syx7 function [7]. YFP::Rab5 marks large, widely spaced
early endosomes (B and B0; YFP in green; apical/aWkdpep in magenta) in wild-type and is disrupted in Syx7brd1615 cells (C and C0). Images in (B)–(C0) are
oriented proximal left, distal right.
(D–G) In mosaic larvae, wild-type (D) terminal cells have smooth lumens, whereas Vps45 (E), Rbsn-5 (F), and Rab5 (G) cells display multiple cysts (clone in
white).
(H) Terminal cells mutant for shi do not show clear exclusion of GFP (clone marker) from seamless tubes.
(I–M0) Unlike in wild-type (I0), apical membrane in Vps45 (J0), Rbsn-5 (K0), and Rab5 (L0) cells and in shi RNAi (M0) cells (apical/aWkdpep in magenta) shows
cystic dilations. Branch tips often showed disorganized apical membrane (I versus J–M).
(N) All early endocyticmutant terminal cells showed reduced branching (wild-type n = 4;Vps45 n = 5, p = 0.08;Rbsn-5 n = 3, p = 0.03;Rab5 n = 5, p = 0.002; shi
n = 6, p = 0.0004).
Error bars show 6 SEM. Images in (I)–(M0) are oriented proximal down, distal up. Scale bars of (D)–(H) represent 10 mm. Scale bars of (B)–(C0) and (I)–(M0)
represent 2 mm. See also Figure S2.
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Crb and Moe in seamless tube cyst formation. First, we tested
whether p-Moe was elevated in Syx7brd, crb double mutant
animals and determined that it was not (Figures 4J–4K0).(M–O) Sholl analysis illustrates branching defects of braided1615 terminals c
show 6 SEM (O). Mapping of braided identified Syx7 as the gene affected in
an N-terminal Syntaxin domain, a central t-SNARE domain, and a C-termina
braided1615 and at aa 238 in braidedQ6.
Scale bars of (A)–(A0 0) and (D)–(D0 0) represent 10 mm. Scale bars of (B)–(C0 0), (E)Second, we tested whether expression of phosphomimetic
Moe was sufficient to induce formation of seamless tube
cysts and to reduce terminal branching in cells mutant for
crb. Although the overall phenotype of the cells appearedells (M and N; wild-type n = 4; braided1615 n = 4; p = 0.003). Error bars
braided1615 and braidedQ6. Syntaxin7 is a 282 amino acid (aa) protein with
l transmembrane domain. Nonsense mutations truncate Syx7 at aa 153 in
–(F0 0), (G), (H)–(I0 0), (J), and (K)–(L0 0) represent 2 mm. See also Figure S1.
Figure 3. Crumbs and Phospho-Moesin Are Elevated in Syx7 Terminal Cells and Are Sufficient to Induce Cysts and Decrease Branching
(A–D0) In mosaic Syx7brdQ6 animals, Syx7brdQ6/brdQ6 (A–A0 0 0; DsRed inwhite) andSyx7brdQ6/+ (wild-type; A0–A0 0 0) terminal cells were imaged.Wild-type terminal
branches were revealed by apical membrane staining (aWkdpep in magenta), whereas Syx7brdQ6/brdQ6 cells were additionally labeled by the clone marker
(white). We note the dramatic difference in Crb staining (Crb::GFPA/a-GFP in green; A0 0 and A0 0 0) between wild-type (B0 0 and B0 0 0) and Syx7brdQ6/brdQ6 cells
(C0 0 and C0 0 0), quantified in (D) and (D0) (11 total branches from 6 terminal cells were scored for each). Error bars show6 SEM. Boxes in (A)–(A0 0 0) aremagnified
in (B)–(B0 0 0) and (C)–(C0 0 0) and reoriented with proximal left and distal right.
(E–G0) Similar to Crb, p-Moe was enriched (quantified in E and E0; 17 total branches from 7 wild-type cells and 15 total branches from 5 Syx7brd1615 cells were
scored) at the lumenal membrane in wild-type terminal cells (F and F0) and was elevated in neighboring Syx7brd1615 cells (G and G0). Error bars show6 SEM.
Arrowhead (G) indicates basolateral enrichment of pMoe. Images in (F) and (G) depict cells from the same larva. Boxes in (F) and (G) are magnified in (F0)
and (G0).
(H–J0) Wild-type cells (H and H0), Crb-overexpressing cells (I and I0), and phosphomimetic Moe-expressing cells (J and J0) are shown (cytoplasm/DsRed or
GFP in white; apical/aWkdpep in magenta). Overexpression of full-length Crb reduced branch number and induced cyst formation (I and I0), as did expres-
sion of phosphomimetic Moe (MoeT559D; J and J
0). Boxes in (H)–(J) are magnified in (H0), (I0), and (J0) and reoriented proximal down, distal up. Arrowheads
indicate cysts in (I0) and (J0).
Scale bars of (A)–(A0 0 0), (F), (G), (H), (I), and (J) represent 10 mm. Scale bars of (B)–(C0 0 0), (F0), (G0), (H0), (I0), and (J0) represent 2 mm. See also Figure S3.
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Figure 4. Mutations in crb and Moe Suppress Syx7 Defects
(A–D)Wild-type (A), Syx7brd1615 (B), Syx7brd1615;crb11A22 (C), andMoe+/2;Syx7brd1615 (D) cells (white) are shown. Lumenal staining (aWkdpep inmagenta) was
used to count cystic dilations. Terminal cell nuclei are marked in green.
(E and F)Whereaswild-type cells displayed 1.5 cysts/mmof lumenal membrane (n = 12; E),Syx7brd1615 cells exhibited 156 cysts/mmofmembrane (n = 23; E).
Cells mutant for both Syx7brd1615 and crb11A22 showed a dramatic reduction in cysts (31 cysts/mm, n = 15; E) and a striking reduction in terminal branching
(F). In animals heterozygous forMoe, Syx7brd1615mutant cells showedmore than a 60% reduction in the number of cysts (93 cysts/mm, n = 16; E). In addition,
Moe also dominantly suppressed the Syx7brd1615-induced decrease in terminal branching, as approximated by measuring the total length of all cellular
extensions (F).
(G–I0) Although apical membrane (aWkdpep in magenta) is largely rescued for dilations inMoe heterozygotes, YFP::Rab5-positive early endosomes (green)
have the same dispersed appearance in Syx7brd1615 (H and H0) and Moe+/2;Syx7brd1615 (I and I0) compared to wild-type (G and G0).
(J–K0) p-Moe (green) (DsRed-expressing nuclei are also labeled in green) enrichment is lost in Syx7brd1615, crb double mutant terminal cells (GFP in white, J0;
15 total branches from 6 heterozygous neighboring cells and 11 total branches from 8 Syx7brd1615, crb cells in K and K0).
(L–R) Lifeact-ruby (green) and apical membrane (aWkdpep in magenta) are shown in wild-type cells (L and L0), Syx7brd1615 cells (M andM0; 15 total branches
from 5 sibling control cells and 16 total branches from 5 Syx7brd1615 cells in P and Q), Crb-overexpressing cells (N and N0; 15 total branches from 5 sibling
control cells and 16 total branches from 6 Crb-overexpressing cells in P and Q), and MoeT559D-expressing cells (O and O
0; 15 total branches from 5 sibling
control cells and 15 total branches from 5 phosphomimetic Moe-expressing cells in P and Q). Apical actin is enriched in all of these genetic backgrounds
(M–Q) as compared to wild-type (L, P, and Q). Small cysts are detected at the lumenal membrane (aWkdpep in magenta) of tsr mutant terminal cells (R).
Asterisks in (P) and (Q) indicate a lack of statistical significance. Error bars show 6 SEM.
Scale bars of (A)–(D), (J), and (J0) represent 10 mm. Scale bars of (G)–(I0), (L)–(O0), and (R) represent 2 mm.
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Moe-induced dilations were present, and branching was
reduced (Figure S4C). We speculate that active Moe does
not completely bypass a requirement for Crb because Crb
plays a substantial role in the subcellular localization of active
Moe. It is also possible that Crb-dependent recruitment
of aPkc may play a role in activation of Moe via phosphoryla-
tion [13].Taken together, these data suggest that p-Moe is critically
regulated by endocytosis and that seamless tube cysts in
Syx7 terminal cells arise due to a stabilized and stiffened
cortical actin cytoskeleton [14, 15]. In agreement with this
hypothesis, we found that apical actin was significantly
increased in terminal cells that expressed lifeact-ruby and
were mutant for Syx7 or that expressed MoeT559D; however,
the increased signal measured for Crb was not statistically
Current Biology Vol 24 No 15
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our assay or the variable expressivity of the Crb overexpres-
sion phenotype. To test whether stabilized actin is sufficient
to cause seamless tube cysts, we examined cells mutant for
twinstar, which encodesDrosophila cofilin, a protein with actin
filament-severing activity. Indeed, twinstar cells displayed
small cystic dilations along their seamless tubes (Figure 4R).
Likewise, mutations in slingshot, a cofilin phosphatase that
activates cofilin, also displayed seamless tube cysts (data
not shown). Therefore, we propose that defects in endocytosis
lead to higher steady-state levels of Crb, resulting in higher
Moe activity at the apical membrane, which in turn leads to
development of cysts as a consequence of a stabilized and/
or stiffened actin cortex.
Discussion
Endocytosis plays a critical role in thematuration andmorpho-
genesis of many multicellular tubes. In the embryonic
Drosophila trachea, Shibire (dynamin), Clathrin, and Rab-5
are required for liquid clearance of dorsal trunk tubes [16],
and, likewise, endocytosis plays a role in liquid clearance of
lung airway epithelia [17]. Tube length is also regulated by
endocytosis: mutations in Drosophila clathrin heavy chain
and wurst result in dorsal trunk elongation [18]. Mutations in
Rab9 and the retromer complex, which mediate retrograde
trafficking from the late endosome, likewise cause dorsal trunk
elongation [19]. Additionally, regulation of tube diameter is
linked to endocytosis, with mutations in shibire and Rab5 re-
sulting in increased diameter of salivary gland tubes [20]. In
these cases, increases in tube length or diameter are thought
to be due to expansion of apical membrane as a consequence
of disorganized apical extracellular matrix or of failed endocy-
tosis of junctional proteins. Here, we provide the first genetic
evidence of endocytosis shaping the lumen of seamless tubes,
although pinocytosis has long been implicated in formation of
seamless tubes in endothelial cells and in the excretory canal
of C. elegans [21, 22]. In contrast to the defects in multicellular
tubeswith impaired endocytosis, in Syx7 terminal cells, we see
multiple distinct dilations rather than a uniform increase in tube
length or isotropic diametric dilation (althoughwe note that the
most severely compromised cells, e.g., shibire null and select
Rab5mutant cells, show an overall increase in tube diameter in
addition to cystic dilations). Because seamless tubes are not
bounded by adherens junctions, improper turnover of junc-
tional components should not contribute to localized apical
membrane expansion.
Our data point to a critical role of endocytosis in regulation of
cortical actin apposed to the apical membrane of seamless
tubes. We propose that this role of endocytosis is mediated
by regulation of the steady-state level of Crb, a key apical
polarity protein. Indeed, in addition to controlling turnover of
junctional components and the bulk flow of membrane be-
tween different compartments, endocytosis has been shown
to regulate levels of transmembrane growth factor receptors
and polarity pathway components. Previous studies from the
Bilder laboratory, which established the role of Drosophila
Syx7, Rab5, Rabenosyn-5, and Vps45 in early endosome for-
mation, identified a requirement for the pathway in regulating
Notch andCrb in wing disc and follicle cell epithelia [6, 7]. Simi-
larly, studies examining Dynamin2 or Epsin depletion inmouse
endothelial cells showed that endocytosis regulates b-Integrin
and Vegfr2 levels [23, 24]. Consistent with these results, we
find that perturbation of early endocytosis results in elevatedlevels of Crb in tracheal terminal cells. Although Lu and Bilder
were unable to characterize Syx7avl, crb double mutant disc
epithelia to definitively test whether the Syx7 defects were
due to Crb elevation, we found that loss of crb strongly sup-
pressed the tube dilation defect, but not the branching defect,
of Syx7. Thus, Syx7-induced cysts depend upon elevated Crb,
but regulation of cellular branching may be more complex. In
contrast to the wing disc and follicular epithelia, which lose
apical-basal polarity and become neoplastic [6], tracheal ter-
minal cells maintain a restricted, if enlarged, apical domain.
This raises the question of whether the tube-dilation defect
associated with elevated Crb depends upon the function of
Crb in apical polarity per se or whether it might reflect another
role of Crb.
Our data suggest that Crb acts on seamless tube shape
through regulation of apical p-Moe: when endocytosis is abro-
gated, Crb accumulates to high levels on the apical mem-
brane, where it recruits or stabilizes p-Moe. In the absence
of Crb, p-Moe enrichment in Syx7brd mutants is lost, and
seamless tube cysts are not induced. Moe is the sole Ezrin/
Radixin/Moesin (ERM) family protein in Drosophila; it orga-
nizes complex membrane domains through its ability to
interact with and link phospholipids, membrane-associated
proteins, and the cytoskeleton [25]. Upon activation of Moe
through phosphorylation of a conserved Threonine residue,
the F-actin binding site is exposed; when levels of active
Moe are increased, cortical rigidity is enhanced, and the actin
cytoskeleton is stabilized [14, 15, 26]. Medina et al. demon-
strated the existence of a Moe interaction domain in the cyto-
plasmic tail of Crb (as predicted by Klebes and Knust [27]) and
showed that the intracellular domain of Crb was sufficient to
recruit or stabilize p-Moe in S2 cells and embryonic epithelia
[8]. This relationship between Crb and ERM family proteins
has been independently validated, for example, during invag-
ination of Drosophila tracheal placodes and appears to be
evolutionarily conserved because it has also been described
in mouse intestinal epithelia and zebrafish neuroepithelia
[28–30]. Our data suggest a novel, junction- and polarity-inde-
pendent role of Crb in seamless tube morphogenesis, through
the recruitment or stabilization of p-Moe.
Why does elevated p-Moe induce cystic dilation of seamless
tubes? One possibility is that p-Moe may act to target delivery
of apical membrane vesicles to the lumenal membrane.
Indeed, such a role for Moe was recently proposed, in which
Moe targeting to apical membrane by the synaptotagmin-like
protein, Bitesize, was suggested to be essential for seamless
tube formation [9].
In the seamless tubes of the C. elegans excretory canal cell,
ERM-1 (the nematode Moe ortholog) is required for lumeniza-
tion [31], and the same may be true in tracheal terminal cells
[9]. In the excretory canal, ERM-1 promotes actin coating of
vesicles prior to their addition to the lumenal membrane, and,
under conditions of osmotic stress, it promotes tube elonga-
tion via recruitment of canalicular vesicles decorated with
Aquaporin-8 (AQP-8) [31, 32]. Fluid flux through thewater chan-
nel was proposed to expand seamless tube [31] in a manner
analogous to hydrostatic pressure in endothelial tube lumeni-
zation [2, 33]. During naturally occurring periods of osmotic
shock, AQP-8 becomes enriched in varicosities where it is
thought to promote lumenalmembrane addition via interaction
with ERM-1/Moe [31, 32]. It is tempting to speculate that in
tracheal terminal cells, the observed small patches of Crb on
the lumenal membrane may serve as similar organizing sites
for membrane addition through the recruitment of p-Moe.
Endocytosis and Moesin Regulate Seamless Tube Shape
1763Although we cannot exclude a role for aquaporin proteins
during this process in tracheal terminal cells, knockdown of in-
dividual aquaporin family members by RNAi has failed to pro-
duce terminal cell defects (A.S.G., unpublished data).
How p-Moe modulation of the actin cytoskeleton impacts
seamless tubulogenesis remains to be determined. One possi-
bility is that stabilized actin filaments promote enhanced
exocytosis and apical membrane hypertrophy; if patches of
apical Crb transiently enrich p-Moe locally, this may account
for the focal nature of the cysts. This model would mesh nicely
with a proposed role of Moe in apical vesicle targeting to the
lumenal membrane [9]. If trafficking is altered by elevated
p-Moe, lumenal matrix deposition may also be abnormal,
which could account for the region of GFP exclusion present
in the Syx7 seamless tube dilations that lack gas filling; how-
ever, we were unable to detect defects in the chitinous apical
extracellular matrix in Syx7 homozygous embryos, and we
were unable to observe apical matrix irregularities with a
TwdlD-mKate2 protein or by UV illumination in larval terminal
cell cysts (J.S.-R. and A.S.G., unpublished data).
Another possibility is that a stiffened actin cortexmay hinder
generation of new cellular extensions and that in the absence
of such outgrowths, budding tubes arrest with a cyst-like
morphology. Alternatively, increased cortical tension may
impose physical constraints on apical membrane growth,
arresting its outgrowth. Interestingly, we have found that under
certain mutant conditions, cellular extensions lacking lumens
collapse back into the soma [34], potentially explaining the
branching defect of the mutant terminal cells.
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